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ABSTRACT  Excitable membranes have the special ability of changing rapidly 
and  reversibly  their  permeability  to  ions,  thereby controlling  the  ion  move- 
ments that carry the electric currents propagating nerve impulses. Acetylcholine 
(ACh) is the specific signal which is released by excitation and is recognized by a 
specific protein,  the ACh-receptor;  it induces  a  conformational  change,  trig- 
gering off a sequence of reactions resulting in increased permeability.  The hy- 
drolysis of ACh by ACh-esterase restores the barrier to ions.  The enzymes hy- 
drolyzing and forming ACh and the receptor protein are present in the various 
types of excitable membranes. Properties of the two proteins directly associated 
with  electrical  activity,  receptor  and  esterase,  will  be  described  in  this  and 
subsequent lectures. ACh-esterase has been shown to be located within the ex- 
citable membranes.  Potent enzyme inhibitors  block electrical activity demon- 
strating the essential role in this function. The enzyme has been recently crystal- 
lized and some protein properties will be described. The monocellular electro- 
plax preparation offers a uniquely favorable material for analyzing the proper- 
ties of the ACh-receptor and its relation  to function. The essential role of the 
receptor  in  electrical  activity  has  been  demonstrated  with  specific  receptor 
inhibitors.  Recent data  show the  basically similar  role of ACh in the  axonal 
and junctional  membranes;  the  differences of electrical  events and  pharma- 
cological actions  are  due to variations  of shape,  structural  organization,  and 
environment. 
I.  EXCITABLE  MEMBRANES 
At the turn of the century, it was widely accepted that in a  fluid system, such 
as  the  living  cell,  ions  must  be  the  carriers  of electric  currents.  Since  the 
uneven  distribution  of Na  +  and  K+  ions  between  cell  interior  and  exterior 
environment  was  already known,  Overton  0902)  proposed,  on  the basis of 
simple experiments,  that during  activity Na+ ions move into the cell interior 
and  an  equivalent  amount  of K +  ions  flow  to  the  outside.  It  is  common 
knowledge that  Overton's assumption was borne out when,  after World War 
II,  radioactive  ions  became  available,  making  it  possible  to  measure  ion 
movements  during  rest  and  during  activity.  But  the  fundamental  question 
x87  s 
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for understanding  this  process  is  that  of the  control  of these  ion  movements. 
It  was  postulated  at  the  turn  of the  century,  that  the  cell  membranes  sur- 
rounding  nerve  and  muscle fibers must have a  special  ability  to change  their 
permeability  to  ions  during  activity,  although  at  that  time  cell  membranes 
were  largely  a  hypothetical  postulate.  No  mechanism  was  considered  for 
explaining  the  changes  of permeability  to  ions. 
The  vast  amount  of information  about  structural,  biochemical,  and  bio- 
physical  aspects  of  cell  membranes  accumulated  during  the  last  decade 
makes  it  appropriate  to  review  the  problem  of excitable  membranes  in  the 
light  of  present  knowledge  and  concepts.  The  idea  of  a  purely  physical 
process  controlling  the  ion movements  during  electrical  activity,  assumed  by 
Hodgkin  (1951,  1964)  is difficult  to reconcile  with  the  large  amount  of heat 
produced  and  absorbed  during  electrical  activity  (Abbott  et  al.,  1958;  Hill, 
1960).  According  to most recent measurements,  it seems that the rising phase 
of the action  current  is associated  with a  marked  heat production,  the falling 
phase with a  marked  heat absorption  (Howarth,  Keynes,  and Ritchie,  1968). ~ 
The  most  likely  explanation  of the  results  of the  heat  measurements  is  the 
assumption  of chemical  reactions  effecfing  the  rapid  and  precise  changes  of 
permeability  to  ions  in  excitable  membranes.  In  view  of the  central  role  of 
enzymes  and  proteins  in  cell  mechanisms  in general,  it  appeared  reasonable 
to  assume  that  they  have  an  essential  function  in  the  elementary  process  of 
bioelectrogenesis. 
The  well-known  theory  of  neurohumoral  transmission  associated  acetyl- 
choline  (ACh)  with  nerve  activity.  It  was  assumed  that,  whereas  electrical 
currents  propagate  nerve  impulses  along  nerve  and  muscle  fibers,  at  the 
i In  this  paper  the  authors  quote,  as  to  the  possible  source  of the  net  heat,  the  "sugges  o 
tion (Nachmansohn, 1959) that it is the heat of hydrolysis of acetylcholine broken down during the 
spike.  However, since this  is of the order of 3000 cal/mole (Nachmansohn,  1959) . . ." and they 
continue to make estimates  on the basis  of this figure.  The figure of 3000 cal/mole, given in the 
monograph quoted, represents  the AF of ACh hydrolysis.  The enthalpy,  AH, which would be the 
only possible basis for any such estimates,  was measured only 2 yr ago and has not even been pub- 
lished  as yet.  Neither on p.  150 of this  monograph nor anywhere else in that monograph, or in 
other publications, has the suggestion quoted by the authors been made. However, to the question 
ofKeynes: "Would you expect (a) the release of ACh and (b) its  action on the membrane permea- 
bility to be exothermic or endothermic reactions?", raised at a symposium on :'Nerve as a Tissue" 
in 1964, published in 1966, the writer  (Nachmansohn, 1966  a, p. 269-270) has given the following 
answer: "It is impossible to answer this question.  What we definitely know is that there are a whole 
series of chemical reactions associated with the permeability cycle: the release of ACh; the reaction 
with the receptor; the hydrolysis  of ACh; the release  and neutralization of protons; ion mixing; 
possibly  release  or binding of Ca; rearrangement of polyelectrolytes and phospholipids,  possibly 
with breaking and formation of hydrogen bonds and hydrophobic bonds. We have very little in- 
formation about the many chemical reactions involved,  and no notion of the associated  enthalpies, 
not even in solution.  The recent work of Katchalski has shown how extensively  chemical reactions 
may be affected if they take place in a structure.  In view of our ignorance of the reactions and 
enthalpies involved your question cannot be answered.  For the same reason it seems to me also 
impossible  to draw any conclusions  from heat measurements as to the underlying mechanism, or 
to predict whether one should expect heat production or aborption just on the basis of one single 
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junctions (synapses) between two cells chemical compounds, ACh or others, 
are released from the nerve ending and, crossing the junctional gap, transmit 
the impulse to the second cell, nerve or muscle, thereby acting as chemical 
mediators.  Many prominent neurobiologists  questioned  the  interpretation 
of the observations reported; i.e.,  the assumption of two basically different 
mechanisms of propagation, a  purely physical one in the axonal membranes 
and  a  chemical one between the junctional membranes  (see,  for instance, 
Erlanger,  1939).  One of the main arguments on which the opposition was 
based  is  the  similarity of many electrical properties  of the  membranes in 
iunctions and in axons. 
The  theory  of neurohumoral  transmission  proposed  in  the  1930's  was 
based on observations with classical methods of physiology and pharmacol- 
ogy. These methods are essential for many problems of biology and medicine. 
They are inadequate for the analysis of the molecular mechanism responsible 
for the permeability changes controlling ion movements across membranes, 
events which take place in microseconds in a structure less than 100 A thick. 
However,  during  the  last  3  decades chemistry and  physics have  provided 
biologists with powerful tools for studying cellular mechanisms on the cellu- 
lar,  subcellular,  and  molecular levels.  It  appeared  necessary to  apply  the 
new tools available for exploring the role of ACh and to find a  satisfactory 
answer to the mechanism of nerve impulse propagation. An analysis of the 
proteins and enzymes specifically involved in the function of ACh and their 
relations to the molecular processes, which enable the excitable membranes 
to change their permeability, appeared to be a  promising line of approach 
and  a  prerequisite  for  the  understanding of such  a  basic  phenomenon of 
biology as bioelectricity. Investigations based on this approach were initiated 
about 30 yr ago. 
However, membranes form an extremely small fraction of the cell mass. 
Even with all refined methods and techniques available,  studies of proteins 
in membranes offer many difficulties. It is, therefore, fortunate that a material 
is  available  which  is  particularly favorable  for  studying  the  proteins  and 
enzymes associated  with  bioelectricity: the  electric organs  of electric fish. 
These organs are the most powerful bioelectric generators created by nature. 
The discharge of Electrophorus,  the electric eel found in  the Amazon River, 
amounts to 600 v. The electrical parameters of a  single cell, the electroplax, 
are similar to those in nerve and muscle fibers suggesting a  basically similar 
mechanism of bioelectrogenesis common to  all  these cells.  It  is  only their 
arrangement in series,  as in a voltaic pile, which is responsible for the power 
of the discharge. In the electric eel there are 5000-6000 electroplax arranged 
in  series.  The  most  important  feature  of electric  organs  for  biochemical 
studies  is  their high  specialization for their main function,  that  is for bio- 
electrogenesis. During the investigations of the occurrence, distribution, and 
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muscle, brain,  ganglia,  etc.,  in many types of cells  and in many species,  it 
was found, in  1937 that 1 kg of tissue (fresh weight) of electric organ of Tor- 
pedo marmorata hydrolyzes 3--4 kg of ACh/hr, although the tissue is formed by 
3 % protein and 92 % water. Similar values were obtained, in  1938, with the 
electric tissue  of Electrophorus.  It  was,  therefore, obvious  that  this  material 
was uniquely favorable for studying the enzymes and proteins associated with 
the function of ACh  and  their relationship  to  bioelectrogenesis. In  the  30 
yr passed since then, the material proved to be of crucial importance for the 
advances accomplished and is still at present one of the most useful, efficient, 
and indispensable materials for this approach. 
II. ACH-ESTERASE:  PROPERTIES  AND  RELATIONSHIP 
TO  BIOELECTRICITY 
Role of ACh in Excitable Membranes 
The biochemical studies based on the investigations of the proteins indicated 
very soon  that  the  idea of neurohumoral transmission in  its  original  form 
must be modified. A  large amount of data has accumulated during the last 
30 yr, that ACh is not a mediator between two cells; ACh is the signal which 
is released by the excitation process and which by its  action within  the ex- 
citable membranes triggers off a series of molecular changes in the membrane 
resulting in increased permeability. It is intrinsically associated with excita- 
bility and  forms an  essential  and  integral part  of the processes generating 
electric currents. Its role is fundamentally similar in the plasma membranes 
of nerve and muscle fibers, as well as in the membranes of the junctions; i.e., 
those of the nerve terminals and of the postsynaptic membranes. The earlier 
studies have been summarized in a  monograph  (Nachmansohn,  1959),  the 
later developments have deen described in several review articles (Nachman- 
sohn,  1963 a,  b;  1964;  1966 a,  b,  c;  1967;  1968;  1969). 
On the basis  of the data accumulated, the following picture of the role of 
ACh seems best to fit the available information. ACh is released within the 
membrane by excitation; it acts as a signal recognized within the membrane 
by a  specific ACh-receptor protein. This reaction induces a  conformational 
change.  It  is  possible  and  even  probable  that  by  this  change  Ca  ++  ions, 
bound to carboxyl groups of the protein, are released. Ca++ ions have been 
known for a long time to be involved in the excitability of nerve and muscle 
fibers (Brink,  1954).  Ca  ++ ions have several remarkable features and proper- 
ties  by  which  they  are  distinguished  from other  divalent cations,  as  was 
stressed by A. Katchalsky (1964)  at one of the preceding Symposia. The Ca  ++ 
ions released may induce further conformational changes of phospholipids 
and other polyelectrolytes. The end result of this sequence of chemical reac- 
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20,000-40,000  ions  or  more  across  the  membrane  per  molecule  of ACh 
released. These reactions thus act as typical amplifiers of the signal given by 
ACh. ACh-esterase has the function to permit the return of the receptor to 
its original conformation by rapid hydrolysis of ACh. The barrier for the ion 
movements is  thereby reestablished.  ACh  in  its  bound  (storage)  form and 
the  two  proteins  reacting directly with  the  specific  signal  released,  ACh- 
receptor and  ACh-esterase, are  presumably linked  together structurally as 
well as functionally and form a protein assembly in the excitable membrane 
in a way comparable with many other complex enzyme systems; for instance 
the electron transfer system in mitochondrial membranes and  the enzymes 
involved in fatty acid synthesis. The existence of such protein assemblies is 
well established in biochemical thinking and does not need more elaboration 
before investigators familiar with membranes. The structural organization of 
the system may account for the efficiency, the  precision,  and  the speed of 
the events following the release of ACh. 
Two comments may be made as to the assumptions in the mechanism pro- 
posed. The first one concerns the properties of Ca++ ions.  One of the charac- 
teristic features of these ions,  discussed by Katchalsky (1964)  in the lecture 
mentioned, is their osmotic coefficient ~. Tested,  for  instance,  with  alginic 
acid,  Ca  ++ ions have a  ~p of 0.01  as compared with 0.15  for Mg  ++ ions or 
0.3-0.4 for monovalent ions,  such as K+ or Na  + ions,  indicating that only 1% 
is osmotically active and 99 % bound  (Katchalsky et al.,  1961).  Such strong 
degrees of ion binding suggest the possibility of an association with polymers 
presumably localized at definite sites  along the polymer chain. Carr  (1953) 
found that out of the  100 carboxylic groups of bovine serum albumin eight 
seem to form true complexes with Ca  ++ ions,  whereas the others form loose 
combinations of the ordinary electrostatic type. Another important feature 
of ~,p is its independence of the molecular weight of the polymer. This strong 
and specific combination of Ca  ++ ions with polymers and several other fea- 
tures  discussed in  Katchalsky's article may be  responsible for some of the 
remarkable biological properties of these ions as,  for instance, their role in 
muscular contraction elucidated in recent years. 
While an essential role of Ca  ++ ions in the permeability changes of excitable 
membrane appears likely, both on the basis of their properties and the obser- 
vations linking them to  excitability,  the  control of their release requires a 
specific action. The information presently available indicates that only specific 
proteins reacting with specific ligands may provide the proper specific con- 
trol initiating and terminating the type of processes involved. 
The second comment as  to  the postulated mechanism proposed concerns 
the  conformation of the  receptor protein  induced  by ACh.  Conformation 
and conformational changes of proteins form an integral part of biochemical 
thinking today and need no elaboration in a Surnposium on proteins. Certain ~92  s  EXCITABLE  MEMBRANES 
observations  on  the  reaction  of ACh  with  the  proteins  associated  with  its 
function suggested very early,  more than  15 yr ago,  the notion that  a  bio- 
polymer such as a protein may not be a rigid structure and that local changes 
of conformation may  take  place,  thereby  increasing  the  efficiency  of  the 
action.  It  has  been  known  for  nearly  a  century  that  certain  methylated 
quaternary ammonium derivatives have a  much more potent pharmacologi- 
cal action on cells than their tertiary analogs. In the case of ACh, the differ- 
ence  between  the  quaternary  form  and  its  tertiary  analog  is  particularly 
striking. This applies not only to the pharmacological effect, i.e.  to the reac- 
tion with the receptor, but also to the reactions in solution with the two en- 
zymes  hydrolyzing and  forming ACh: ACh-esterase  and  choline  O-acetyl- 
transferase  (choline acetylase).  The tetrahedral structure of the methylated 
quaternary nitrogen group seemed to intimate that some process in the pro- 
tein may be induced by the extra methyl group. The tetrahedral structure is 
more or less  spherical and  if the molecule is  attached  in  the reaction  to  a 
protein  surface,  a  direct  contact  between  all  four  methyl  groups  and  the 
protein will not be readily possible, since the fourth methyl group is located 
in the direction of the solution; i.e., away from the protein. Thus, it seemed 
possible to picture that a  local change of conformation of the protein may 
take  place  whereby  all  four  groups  of the  ligand  may  have  simultaneous 
contact with the macromolecule, thereby increasing the efficiency of action. 
The availability of a  purified and active ACh-esterase solution permitted 
the analysis of the forces acting between the ligand and the active site in the 
protein surface attracting the quaternary group. When the inhibitory potency 
of the methyl groups of ammonium and of hydroxyethylammoniurn ions on 
ACh-esterase was tested, it was found that each methyl group increased the 
strength of the binding of the inhibitor to the enzyme about sevenfold, except 
for the fourth methyl group, which hardly increased the binding, or--as was 
later  found--to a  markedly smaller extent  (Wilson,  1952).  It is  reasonable 
to  assume  that  neither  the  changes  in  hydration  characteristics  attending 
binding  nor  the  entropies  of binding  differ  markedly for  any  of the  four 
members  of the  series.  Therefore,  the  additional  binding  associated  with 
each methyl group may be attributed to van der Waals'  attraction between 
the methyl groups and a  hydrocarbon group of the protein. Since the extra 
methyl group  (the fourth one)  did not contribute significantly to  the bind- 
ing,  the  strong  difference between  the  rates  of hydrolysis of ACh  and  its 
tertiary analog, dimethylaminoethyl acetate by ACh-esterase, supported the 
assumption that a local change of conformation of the protein may take place 
during  activity,  whereby  the  extramethyl  group  would  be  enveloped  and 
that this was possibly the explanation of the greater catalytic efficiency. 
The  possibility  of  conformational  changes  of  ACh-esterase  during  the 
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studies of the enthalpies and entropies of activation, AH  ++ and AS  ++, of the 
ester  of ethanolamine  and  its  methylated  derivatives  with  highly  purified 
ACh-esterase from electric tissue  (Wilson and  Cabib,  1956).  Substitution of 
the first two protons by methyl groups produced little change in the activa- 
tion energies, but the extra methyl group has a  very pronounced effect. The 
enthalpy of activation,  AH++,  of the hydrolysis of ACh is about  14,000 cal 
as compared with about 8000 cal for that of the tertiary analog. On the basis 
of this finding one could expect that  the hydrolysis of the quaternary ester 
would be less favored than that of the tertiary. But the entropy of activation 
is extremely favorable for the quaternary compared with that of the tertiary 
compound: while it is  negative with the tertiary  analog,  it is  positive with 
the quaternary group. The difference amounts to about 30-40 entropy units. 
This large favorable entropy of activation and  the higher rate of hydrolysis 
of quaternary  esters,  when catalyzed  by the enzyme,  appears  all  the more 
significant in  view of the recent observations of Chu  and  Mautner  (1966) 
that  the  nonenzymatic hydrolysis of the  tertiary  ester  is  very much faster 
than that of the quaternary analog. Thus, the actual difference of efficiency 
between  the  enzyme catalyzed  hydrolysis of tertiary  and  quaternary com- 
pounds seems to be much greater than is apparent simply on the basis of com- 
paring the two enzyme-catalyzed reactions. 
A  similar and even more striking difference of catalytic efficiency between 
quaternary  and  tertiary  analogs  has  been  observed with choline O-acetyl- 
transferase  (choline acetylase),  the enzyme which transfers the acetyl group 
from acetyl-CoA to choline. The rate of acetylation of choline was found to 
be about 12 times as high as that of dimethylethanolamine (Berman, Wilson, 
and  Nachmansohn,  1953).  On  the other hand,  the difference between  the 
rates of acetylation of dimethyl- and monomethylethanolamine is small. 
By  far  the  strongest difference  between  ACh  and  its  tertiary  analog  is, 
however,  the pharmacological action,  as mentioned before.  In this case the 
difference between  the two forms is  of a  different order of magnitude.  On 
the  basis  of the difference of the catalytic  effiiciencies of the  two  enzymes 
associated with ACh formation and hydrolysis and assuming that the target 
of ACh  action,  the  receptor,  is  also  a  protein,  the  writer  proposed,  in  his 
Harvey Lecture in  1953,  as a  possible explanation for the action of ACh on 
the receptor, that it may induce a conformational local change of the protein 
and  thus initiate the changes leading to increased permeability  (Nachman- 
sohn,  1955).  A  quantitative evaluation of the difference in potency between 
ACh and its tertiary analog in their reactions with the receptor has been per- 
formed by Bartels  (1962)  with the monocellular electroplax preparation. By 
removal of one methyl group from the quaternary form, the potency of the 
depolarizing action decreased 200-fold. It would be difficult to attribute such 
a  striking difference in potency simply to attraction by van der Waals' forces ~94 s  EXCITABLE  MEMBRANES 
due to the presence of the extra methyl group. At the pH used in the experi- 
ments,  most of the molecules of the tertiary  analog are  present in  cationic 
form. If a second methyl group is removed, the potency of depolarizing action 
decreases  further,  but  only 20-fold.  For  such  a  difference, van  der  Waals' 
forces may be at least partly responsible, although even in this case a  change 
in conformation, although a  much weaker one, cannot be excluded, since a 
20-fold increase in potency by the addition of one methyl group is still quite 
high. The depolarizing strength of tetramethylammonium ion is  1000 times 
as great as that of its tertiary analog,  the greatest difference observed so far 
due to the presence or absence of one methyl group  (Podleski,  1966;  1969). 
Additional evidence for conformational changes of the ACh-receptor in  its 
reactions with ligands will be later presented by Dr.  Arthur Karlin. 
There is still no direct experimental evidence for such a  process. But the 
general development of enzyme and protein chemistry during the last decade 
has  made  the  assumption  of a  conformational change  likely;  it  has  been 
widely accepted in the case of ACh-esterase. Phospholipid micelles may also 
change conformation by the action of small molecules such as ions  (Luzzati 
et al.,  1966), but again these reactions lack the required specificity. 
In this lecture some recent advances of our knowledge of the properties of 
ACh-esterase  and  its  relationship  to  electrical  activity  will  be  discussed, 
while new data on the ACh-receptor protein will be presented in the lectures 
to follow. 
Localization of ACh-Esterase 
Some 30 yr ago the presence of ACh-esterase in remarkably high concentra- 
tions was demonstrated in various types of conducting fibers in a great variety 
of different species: in motor and sensory nerves, in so-called cholinergic and 
adrenergic  fibers,  in  the  periphery  and  in  the  central  nervous  system,  in 
vertebrates  and  in  invertebrates  and  in  muscle fibers  (for  a  summary see 
Nachmansohn,  1959). As will be discussed later, recent observations indicate 
that is is difficult to obtain a  truly quantitative estimate of the total enzyme 
activity even in homogenized suspensions of tissue; i.e., under the experimen- 
tal conditions used. The actual concentrations may thus be higher than those 
reported; the difference between the values obtained and  the total  activity 
may vary greatly according to the various types of tissues. Following the dis- 
covery of choline acetylase (choline O-acetyltransferase) the enzyme forming 
ACh  (Nachmansohn and Machado,  1943)  the presence of this enzyme was 
also demonstrated in the various types of fibers (for a summary see Nachman- 
sohn,  1959 and  1963  b).  In view of the complexity of the requirements for 
testing this enzyme compared with those for determining ACh-esterase activ- 
ity, and in view of the instability of the former enzyme and the great stability 
of the latter, the probability of marked differences between activity measured DAVID NACHMANSOHN  Proteins  of Eacitable Membranes  ~95  s 
and  actually  present  in  tissues  is  much  greater.  Further  support  for  this 
assumption  are the observations that  in  extracts of acetone-dried powder  the 
concentrations  of choline  O-aeetyltransferase  is  frequently  markedly  higher 
than  in  homogenized  suspensions.  While  this  kind  of  preparation  removes 
some known  and  probably some unknown  inhibitory  factors,  preventing  the 
determination  cf the  total  activity in  homcgenized  suspensions,  it  is  obvious 
FICURE 1.  Electron micrograph of unmyelinated fibers of the sciatic nerve of rat tested 
for ACh-esterase activity.  The black deposits,  which  indicate  the enzyme activity,  are 
localized in the membranes surrounding the axoplasm and in the space which separates 
these  membranes from those of the Schwann cell. Deposits  are also found in some ves- 
icles. The substrate used  was acetylthiocholine.  The thiocholine  formed by the enzymatic 
hydrolysis  reduces ferricyanide to  ferrocyanide which  precipitates  with copper sulfate. 
)<  19,000. Figure reprinted by permission  from J. Hzstochem. Cytochem., 1966, 14:369. 
that  on  the  other  hand  some  losses  during  the  various  procedures  of  this 
preparation  are  unavoidable.  Thus,  even  the  values  obtained  in  this  way 
will  be still  lower than  the  total  activity. 
For  more  than  20  yr  it  was  postulated  on  the  basis  of a  great  variety  of 
biochemical  data  that  ACh-esterase  is  localized  in  or  near  the  excitable 
membranes.  This  evidence  was  of necessity  indirect.  In  the  last  6  yr  direct 
evidence  for  localization  has  been  offered  in  many  laboratories  by  electron 
microscopy combined with  histochemical  techniques  (see e.g.  Barrnett,  1962; i96  s  EXCITABLE  MEMBRANES 
Torack  and  Barrnett,  1962;  Brzin,  Tennyson,  and  Duffy,  1966;  Schlaepfer 
and  Torack,  1966).  Fig.  1 shows  an  electron  micrograph of unmyelinated 
fibers  of rat  sciatic  nerve  taken  by  Schlaepfer  and  Torack  (1966).  In  the 
membranes of unmyelinated fibers, the presence of enzyme could be readily 
demonstrated.  In  myelinated fibers,  however,  the  presence  of the  enzyme 
could  only  be  seen  occasionally; usually  it  was  absent.  Since  it  appeared 
possible that even in a  slice of 500-1000  A  thickness structural barriers may 
prevent  or  slow  down  the  reactions  between  the  enzyme within  the  mem- 
FICURE 2.  An  electron micrograph of a  large myelinated (My)  ventral  roots axon 
(AX). Prior to the incubation for acetylcholinesterase  activity the fiber was treated with 
Triton  100  X.  Dense end product is present on the  axolemmal membrane (arrow). 
>  43,345. Figure reprinted by permission from Proc. Natl, Acad. Sci. U.S.A.,  1966, 56.'1560 
brane  and  the  added  compounds,  Brzin  (1966)  applied  Triton  100-X  to 
slices of an isolated sciatic nerve fiber and found ACh-esterase in the plasma 
membrane,  located  between  the  myelin  and  the  axoplasm  (Fig.  2),  This 
finding is  of particular  interest  in view of the  many reports during the  last 
decade  in  which  it  has  been  claimed  that ACh-esterase  is  absent  in  many 
excitable tissues, nerve and muscle fibers, and even in electric organs, exclu- 
sively on  the basis of histochemical techniques combined with light micros- 
copy. The failure to detect the enzyme by a  method known to have so many 
pitfalls,  in addition to  that just described,  was considered to  be  strong  evi- 
dence against the postulated role of ACh and ACh-esterase in bioelectricity 
in spite of the chemical data showing its presence in those tissues, in some of FIGURE 3.  An electron micrograph  showing the localization of cholinesterase  (arrows) 
at the  axon-Schwann  interface  of small nerve fibers (AX) which accompany  the giant 
fiber in the stellar nerve of the squid. A  mitochondrian (M) is located close to the axolem- 
mal surface.  A  basement membrane surrounds the Schwann cell, separating it from the 
fibrillar material  of the  intercellular  matrix.  Incubated  in  AThCh  without  inhibitors. 
×  20,500.  (V.  Tennyson, unpublished material.) i98  s  EXCITABLE  MEMBRANES. 
them  in  high  concentrations.  A  striking  demonstration  of the  localization  cf 
the  enzyme in  the  plasma  membrane  of the  small  fibers cf the  stellar  nerve 
of squid  is shown  in  Fig.  3,  which  is  a  still  unpublished  electron micrcgraph 
taken  by Dr.  Virginia  Tennyson,  which  she  kindly  permitted  me  to  use  in 
this lecture. 
Applying  electron microscopy combined  with histochemical staining,  Lun- 
din  and  Hellstroem  (1968)  found ACh-esterase  to  be  1Gcalized  in  the  sarco- 
lemma  of the  muscle  cells of plaice  (tZleuronectes f'latessa)  (Fig.  4).  When  the 
preparation  was  exposed  to  diisopmpylphcsphorefluoridate  (DFP)  in  low 
concentrations,  10 .4 M,  no enzyme activity was detectable.  Since it had  been 
FIGURE 4.  Normal cholinesterase  activity  in a plaice muscle. Oblique section of a cell 
kept at 0°C in isotonic sucrose solution showing black precipitates  along the sarcolemma 
as  a  result  of cholinesterase  activity.  Substrate:acetylthiocholine for 45  rain  at  0°C. 
Small amounts of precipitate can be discerned between the inner and outer membrane of 
one mitochondrion to the right.  X  21,000. Figure reprinted by permission from Histochemie 
19t;8, 85.'264. 
previously  found,  that  ACh-esterase  can  be  solubilized  by  a  bacterial  en- 
zyme(s)  (Lundin,  1967),  the authors incubated muscle pieces of this fish with 
a  purified bacterial enzyme preparation. They found that the enzyme activity 
had  been removed from the membranes,  although no morphological changes 
were visible. The concentration of ACh-esterase in excitable tissues was always 
expressed in ACh hydrolyzed per gram fresh tissue per hour. Even these values 
appeared very high. Since it has become apparent that the enzyme is localized 
in  the  plasma  membrane,  the  values  must  be referred,  in  most  cases~  to  the 
volume of the membrane,  meaning  that  they are  many orders of magnitude 
greater than previously reported. 
Interdependence  between  Electrical and ACh-Esterase  Activity 
The localization  of ACh-esterase  within  the  excitable membranes  of various 
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again, its essential role in electrical activity. The presence of this enzyme as 
well as of choline O-acetyltransferase in conducting fibers are prerequisites for 
the theory. This is also true for other properties of the enzyme, e.g. the high 
speed of the enzyme activity. The turnover time of the enzyme is 30-40 #sec. 
This is important for the assumption that ACh is the signal triggering off the 
permeability changes. Since the spike may reach its peak in about  100/zsec. 
and since some nerve fibers may conduct 1000 or more impulses per second, 
the signal acting on the receptor must be removed with the speed compatible 
with the function postulated. 
While these features may be  suggestive,  the postulated role requires the 
demonstration that the enzyme activity is directly associated with electrical 
activity. According to theory potent inhibitors of ACh-esterase should affect 
and eventually block electrical activity. 2 decades ago, when the theory was 
first proposed, several of the pitfalls and complexities of such a demonstration 
were recognized, but many more of them were entirely unknown at that time. 
Although the evidence required has been obtained, in several instances un- 
equivocally, much information has  accumulated during the  last  2  decades 
about the intrinsic difficulties of correlating reactions of enzymes studies in 
vitro with special cellular mechanisms that must be tested on the intact cell 
or on cellular substructures. While many biologists have been aware of these 
differences,  the  rapid  progress  achieved  by  biochemical  and  biophysical 
analyses in combination with electron microscopy has provided a better under- 
standing of the many factors which may drastically modify or change com- 
pletely chemical reactions taking place in a  structure as compared with the 
same reactions in solution. 
One factor which would be pertinent would be the relationship between the 
decrease in enzyme activity and the changes in electrical parameters. In the 
last few years it has become evident that the aim of establishing a meaningful 
quantitative relationship is at present unattainable. Several recent observa- 
tions raise serious doubts whether a  truly quantitative determination of the 
total enzyme activity can be achieved even in normal tissues with the presently 
available methods. The enzyme activity of unmyelinated fibers, determined in 
a homogenized suspension, is greatly increased, 200-400 % or more compared 
with that of the intact fibers. The range of increase is rather large and varies 
greatly for the same preparation and even more when different types of prepa- 
rations and of species are used. These data assume, moreover, all the enzyme 
activity measured to be ACh-esterase, which may be true for some prepara- 
tions and not for others. There are at present no reliable methods for a quanti- 
tative distinction between ACh-esterase and other types of esterases present in 
a tissue.  In contrast, the increase of activity of myelinated fibers by homogeni- 
zation is minimal, about 30 %, while one would expect a greater increase due 
to the large amount of lipid protecting the enzyme. Apparently even homoge- 200  S  EXCITABLE  MEMBRANES 
nization  in  this  case  does  not  permit  the  substrate  to  reach  more  than  a 
relatively small fraction of the enzyme since,  presumably, even the particles 
are rich in lipid and prevent saturation of enzyme with substrate. This view 
is also supported by the observation mentioned before that in a section of 500 A 
of a single myelinated axon the enzyme activity becomes detectable only after 
treatment with a  detergent (Brzin,  1966). 
Whether the increase in activity in unmyelinated fibers by homogenization 
presents a  value close to  the total  activity actually present is  impossible  to 
ascertain, but it appears not likely. Brzin et al.  (1965)  found that the rate of 
activity of small pieces of the envelope of the unmyelinated squid giant axon 
(of about  100  #g fresh weight) was  increased by sonic oscillation  by  about 
250 %.  Does this higher value present one that is now close to  100 % of the 
total or perhaps only 80,  90,  or 95 %? The differences between total enzyme 
activity and that actually measured may vary greatly from tissue to tissue. Ap- 
parently not all the enzyme in the intact membrane structure is readily avail- 
able to  the substrate.  During the preparation  of a  homogenized suspension 
small vesicles may be formed from membrane fractions in which the enzyme 
may be poorly accessible. The use of solvents and detergents may or may not 
break up some of the barriers.  The remarkable success of Lundin  (1967)  to 
solubilize the enzyme from the tissue used by bacterial enzyme is another il- 
lustration  of the  difficulty of solubilizing  the  enzyme.  In  this  context  it  is 
pertinent to mention the observations of Karlin  (1965)  on membrane bound 
ACh-esterase obtained  from electroplax of Electrophorus.  Having isolated  the 
membranes by differential centrifugation combined with the use of sucrose 
density gradients, Karlin found a  marked increase of enzyme activity by in- 
cubation with sodium desoxycholate; in some fraction the rates were double. 
Silman and Karlin (1967) found a fourfold activation of the enzyme when the 
preparation was suspended in  1 M NaC1  which solubilized  the enzyme. All 
these  observations  appear  pertinent  and  are  a  warning  not  to  take  it  for 
granted that the values of a homogenized suspension of tissues formed by many 
complex structures represent the total activity actually present.  Fractions of 
the enzyme tightly bound to submicroscopic particles of the membrane may 
still be inaccessible to the substrate. 
If it is uncertain whether the enzyme activity measured in normal tissue 
represents the total activity, quantitative data of the enzyme activity of a tissue 
in relation to the effects on electrical parameters after its exposure to enzyme 
inhibitors is clearly unattainable since the difficulties are compounded in many 
ways. A  few of the obstacles may be mentioned as an illustration.  Reversible 
inhibitors are a priori not suitable for such determinations under any condition 
(Nachmansohn,  1959,  1969).  Organophosphates  were  thought  in  an  early 
phase  of investigation,  some 20  yr ago,  to  be completely "irreversible"  in- 
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activity, after a  given time of exposure and after the removal of inhibitor by 
washing,  and of relating the enzyme activity still present to  the changes of 
electrical  activity observed at  a  given point.  However,  the vast  amount of 
information accumulated in this field during the last 2 decades has made it 
necessary to revise a great number of our views as to the nature of the reactions 
involved. In particular,  it has become apparent  that  for several reasons or- 
ganophosphates do not permit to establish a quantitative relationship between 
enzyme and electrical activity. 
As is well known, the phosphorus atom of organophosphates forms a  cova- 
lent bond with the oxygen atom of the serine in  the active site of the ester- 
splitting enzymes. This bond, with the resulting phosphorylated enzyme, was 
considered to be stable. Actually, the phosphorylated enzyme is less stable than 
was believed originally. With some organophosphates the inhibition may be 
spontaneously reversed even in aqueous solutions. In many tissues rapid re- 
versibility has been found which is not surprising on the basis of our present 
knowledge of reaction mechanisms. Moreover, organophosphates are unstable 
even in aqueous solution and may undergo many changes. This is even more 
so the case in tissues. In many tissues there are enzymes which may rapidly 
hydrolyze organophosphates. The reader interested in the complex chemistry, 
toxicity,  and  biological  effects of organophosphates is  referred  to  the  vast 
literature  on  these  aspects  (see,  for  instance,  Nachmansohn,  1959,  1969; 
O'Brien,  1960; Hobbiger,  1963; Cohen and Oosterbaan,  1963; Koelle,  1963). 
Among the many additional obstacles for attempting to correlate enzyme 
and electrical activity may be mentioned the difficulty of the removal of the 
last traces of organophosphates from a  tissue that has been exposed to their 
action. This has been shown to be frequently impossible even by prolonged 
washing prior to homogenization or by extraction with a  variety of organic 
solvents.  If traces  of organophosphates are  retained in  the intact  tissue,  in 
subceUular structures outside the membrane, or extracellularly, they may be 
released during homogenization and inactivate whatever enzyme there is still 
active. Thus, it is easy to obtain conditions where electrical activity continues 
while seemingly, but of course not actually, no enzyme activity is present. This 
"homogenization artifact," as it was referred to by van Asperen (1958), may 
have been an extremely serious source of error in many reports of this kind. 
The amounts of retained organophosphates will vary greatly, of course, de- 
pending on the type of tissue, on the structure and properties of the organo- 
phosphate, and many other factors.  Interesting results illustrating this diffi- 
culty were recently obtained by Hoskin et al." Squid giant axons were exposed 
to two types of organophosphates: tetriso  (O ,O-diisopropyl  S-(2-diisopropyl- 
aminoethyl) phosphorothioate) and selenophos (O-ethyl Se-(2-diethylamino- 
i F. C. G. Hoskin, L. T. Kremzner, and P. Rosenberg.  1969. Effects of some cholinesterase inhibi- 
tots on the squid giant axon. Submitted for publication. 202  S  EXCITABLE  MEMBRANES 
ethyl)ethyl phosphonoselenoate). Both compounds are rather stable and not 
decomposed by phosphoryl phosphatase. Both compounds penetrated the tis- 
sue. At the end of the exposure the compounds were removed by prolonged 
washing and ACh-esterase activity was tested in the homogenized suspensions. 
No trace of enzyme activity was found, although electrical activity had not 
been affected. This seemed to contradict the assumption of the essential role 
of the enzyme. However, when the tissue was tested for remaining organophos- 
phate, it was found that, although more than 99 % of the compounds had been 
removed, the remaining concentration of organophosphates was in one case 
5 times, in the other case 50 times as high as necessary for blocking all enzyme 
activity present.  Moreover,  selenophos and  tetriso,  in 5  X  10  -3 M,  did not 
affect electrical activity. Concentration and time of exposure were about the 
same  in which DFP,  paraoxon,  and  other organophosphates are  effective. 
However, after short exposure of the preparation to small amounts of phos- 
pholipase A, which by itself had no effect on electrical activity, the two com- 
pounds did affect electrical activity in the same way as the other organophos- 
phates.  Apparently,  the membrane-bound enzyme is protected against  the 
action of the two compounds, unless some lipid is removed. This is not surpris- 
ing in the light of the present information that membranes are formed by lipid 
protein complexes. It seems that the lipid covers the proteins (Benson,  1966; 
Kennedy, 1967). Thus, some compounds, even penetrating through the mem- 
brane into the interior, may not be able to react with the enzyme. The reader 
interested in the various aspects of this particular problem may find a  more 
detailed discussion elsewhere (Nachmansohn, 1969). 
Even if there were truly reliable methods of estimating the total enzyme 
activity under normal conditions, it is evident that there would remain many 
pitfalls and nearly insurmountable obstacles for estimating the enzyme activity 
after exposure to organophosphates. One other factor may be mentioned. The 
enzyme is most probably present in excess, as most enzymes are.  If the excess 
is 5-10 times over the minimum required for electrical activity, it means that 
80-90 % of enzyme activity could be eliminated without interference with the 
function. The smallness of the fraction left would potentiate the difficulties of 
quantitative evaluation under such complex conditions. In summary, the un- 
certainty of obtaining truly quantitative values of ACh-esterase activity in 
normal tissue and  the great complexity and  pitfalls of such estimates after 
exposure to organophosphates make it evident that the aim of establishing the 
degree  of  enzyme  inhibition  in  relation  to  electrical  activity  cannot  be 
achieved with the methods available. 
However, the essential role of ACh-esterase in electrical activity of axons has 
been demonstrated unequivocally by the evidence that a variety of potent in- 
hibitors of the enzyme applied to a variety of excitable membranes affect and 
eventually  block  conduction,  reversibly  by  competitive inhibitors,  such  as 
physostigmine, irreversibly by organophosphates. DAWD NACm~ANSOHN  Proteins  of Excitable Membranes  2o  3 s 
It would be trivial,  at  a  Symposium on Membrane  Proteins,  to make the 
statement that the reactions and behavior of enzymes in a structure cannot be 
simply extrapolated from observations on the reactions of purified enzymes in 
solution. In addition to structural barriers, known for a long time, much perti- 
nent  information  has  accumulated  in  the  last  few years about factors which 
may  affect and  change  reactions  in  intact  structures.  Dr.  Israel  Silman  has 
discussed  some  of them  in  a  preceding  session,  such  as differences  between 
membrane-bound  enzyme  and  that  in  solution,  and  effects  of surrounding 
charges  in  "insoluble enzymes"  investigated  by Ephraim  Katchalski  and  his 
associates.  Pertinent  in  this  context  is  the  phenomenon,  referred  to  as  "al- 
lotopy"  by Schatz  and  Racker  (Racker,  1967):  the ATPase  activity of F1 is 
oligomycin  resistant  when  the  protein  is  in  solution,  and  it  is  oligomycin 
sensitive when  the protein  is bound  to the membrane.  Such an  alteration  in 
the  properties  of an  enzyme  bound  to  the  membrane  may be more general 
than  realized  at present,  as stressed  by Racker and  his  associates; they have, 
for instance, encountered similar differences in their attempts at reconstituting 
the electron-transport chain.  Other factors, active in the intact cell and absent 
in  solution,  such  as control  mechanisms,  feedback, regulatory  enzymes,  etc., 
form by now an  integral  part  of textbook biochemistry.  In  any event,  there 
are  a  series  of  findings  which  clearly  demonstrate  the  functional  interde- 
pendence  between  electrical  and  enzyme  activity.  A  few  examples  may  be 
presented. 
Physostigmine  is a  potent competitive inhibitor  of ACh-esterase with a  K~ 
oI  10  .7  M in  solution  (Augustinsson  and  Nachmansohn,  1949).  When  this 
compound  is  applied  to  the  frog  sciatic  nerve,  electrical  activity  is  blocked 
reversibly (Bullock et al.,  1946). The effect is reproducible several times on the 
same  preparation  (Grundfest  et  al.,  1947).  However,  the  concentration  re- 
quired  is  10 -2  M,  4--5  orders of magnitude  higher  than  that  expected on  the 
basis cf the K~ in solution. The time of exposure required for blocking electrical 
activity  is  30-60  min.  The  frog  sciatic  nerve  is  formed  by several  thousand 
myelinated  axons  and  is  surrounded  by a  sheath  impervious  to  many  com- 
pounds. The discrepancy was, therefore, attributed to the many barriers which 
physostigmine would have to pass before reaching the ACh-receptor protein in 
the  excitable  membrane.  This  explanation  appeared  unacceptable  to  many 
investigators.  However, in the late  1950's a single axon preparation of the frog 
sciatic nerve was developed,  permitting  one to measure electrical  activity on 
single  nodes of Ranvier.  Fig.  5  shows an  electron  micrograph  of Porter  and 
Bonneville (1964) presenting a single unmyelinated fiber of a frog sciatic nerve 
and a node of Ranvier. Dettbarn  (1960 a) applied physostigmine to this prepa- 
ration.  Effects of the compound in 5  X  10-5-5  X  10  .6 M on electrical activity 
appear rapidly,  in seconds.  Moreover,  the electrical  parameters  in the single 
fiber preparations are modified by the action of the enzyme inhibitor in a way 
that has been postulated by electrophysiologists if the proposed theory were to FIGURE 5.  Electron micrograph  showing  a  node  of Ranvier of a  single  fiber from  the 
sciatic nerve of the mouse. The sheath of myelin forms a  compact tube (My) over most of 
the internodal area.  In  the region of the node  finger-like processes  (Pr)  of neighboring 
Schwann cells (5C) interdigitate and cover the nodal area. A  basement membrane (BM) 
and connective tissue fibers (CT) of the endoneurium complete the wrappings of the fiber. 
At the node the membrane of the axon is free of myelin and is exposed to such interstitial 
fluids  as  diffuse  through  the  basement  membrane  and  between  the  Schwann  cell 
processes. Axoplasm is rich in neurofilaments (Nf)  and contains slender elements of the 
endoplasmic reticulum (ER)  and small  numbers of mitochondria (M).  X  22,500. Figure 
reprinted by permission from An Introduction to  the Fine Structure of Cells and  Tissues, Lea  and 
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be correct:  first,  a  potentiating  effect was observed;  i.e.,  an  increased  spike 
height  and  a  longer  descending  phase.  On  longer  exposure,  the  amplitude 
increased  and  the  prolongation  became greater.  At  a  concentration  of 2  X 
10 -4  M the  spike  height  was  first  reduced  and  the  duration  was  increased; 
after exposure of 15-20 min conduction was blocked. Dettbarn also found that 
the  effectiveness of physostigmine  increases  with  increasing  levels of pH;  a 
roughly linear  relationship  exists between the concentration  of the conjugate 
base in solution and  the percentage  attenuation  of the action potential;  con- 
sistent with the assumption  that  the neutral  molecule may readily penetrate. 
No such relationship was observed with the cationic form. It would be difficult 
to attribute  these effects observed on the electrical  activity of single axons to 
some unspecific effects in view of the high  affinity of physostigmine  to ACh- 
esterase and  the rapidity,  effectiveness, and  the type of action observed. 
Another  series of observations, relevant to the problem of functional  inter- 
dependence  between  enzyme  and  electrical  activity,  is  experiments  on  the 
squid  giant  axon  exposed  to  the  organophosphate  diisopropylphosphoro- 
fluoridate  (DFP).  Two  features  seemed  surprising  in  the  early  phase  of the 
investigations:  (a)  the high concentration,  5  X  10 -3 M, and  the long exposure 
time  (30-40 min)  required  for obtaining  irreversible block of electrical activ- 
ity;  and  (b)  the reversibility of the reaction  during  the first  I0-20  min.  The 
concentration  is several thousand times as high as that blocking ACh-esterase 
in solution.  This discrepancy was considered  as definite proof that the action 
was due to a general toxic effect and had nothing  to do with ACh-esterase in- 
hibition.  However, when the axoplasm inside the exposed axon was extruded, 
at the time when electrical activity was irreversibly blocked, less than 0.5 #g/g, 
i.e.  less than  1/2000 of the outside concentration,  was found in the axoplasm 
(Feld et al.,  1948). The explanation  for these findings performed in  1946, was 
offered 20 yr later by Hoskin, Rosenberg, and Brzin  (1966). They found, using 
radioactively labeled DFP,  that  there  is  a  rapid  hydrolysis of the compound 
by an enzyme referred to first as DFP-ase by Mazur (1946), and later as phos- 
phoryl  phosphatase  by Augustinsson  and  Heimburger  (1955).  The  amounts 
of DFP found in the axoplasm were the same as those reported  20 yr earlier. 
Although  the  concentration  in  the  axoplasm  is  less  than  0.5  ~g/g--actually 
closer to 0.1  #g/g--the  concentration  in the plasma  membrane  is unknown. 
However,  in  a  membrane  less  than  100  A  thick  and  structurally  well  or- 
ganized,  concentrations  have little  meaning  and  cannot  be conceived in  the 
same  terms  as  in  a  solution.  In  a  tissue,  which  is  rich  in  enzyme  that  inac- 
tivates  DFP,  the  outside  concentration  (1  mg  DFP/ml)  is  quite  obviously 
irrelevant.  The results  invalidate  the  assumption  of a  general  toxic  effect,  a 
view which was based exclusively on the high concentrations  required. 
The second unexpected phenomenon,  the ready reversibility of the block of 
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tion.  There  has  been  increasing  evidence,  offered  by  several  investigators 
during the last decade,  that the early reversibility may be  attributed to  an 
action  on  the ACh-receptor; this  effect would  be expected  to  be  reversible 
since  there  is  no covalent bond  formation. The evidence,  however,  was  for 
several reasons not unequivocal (for a more detailed discussion see Nachman- 
sohn,  1969).  During the last year, Eva Bartels,  in still unpublished observa- 
tions, demonstrated unequivocally, on the monocellular electroplax prepara- 
tion,  that DFP  and  several  other organophosphates are  receptor  inhibitors. 
She found that ACh, in 2.5  X  10 .6 M,  in which it has no effect on the elec- 
troplax membrane,  has a  strong depolarizing action on  addition of DFP  in 
2  X  10 .4 M; increase of DFP to 8  X  10  3 M rapidly reversed the depolarizing 
action of ACh. Similar competitive effects were observed  between ACh and 
other organophosphates.  Return  to  the lower concentration of organophos- 
phate restores immediately the depolarizing action of ACh. 
In the last 20  yr,  hundreds of different organophosphates have  been syn- 
thesized, with a great variety of chemical properties, toxicity, biological effects, 
etc., depending on the structure. Some of them are easily hydrolyzed, isomer- 
ized,  oxidized,  etc.  Some  are  relatively stable  in  neutral solution,  some  are 
unstable at lower, others at higher pH.  The stability is different in aquecus 
solution from that in tissues.  In some tissues of some species there are,  as we 
have  seen,  organophosphate-splitting  enzymes  present,  in  others  they  are 
absent. Once the ACh-esterase is phosphorylated, the stability of the complex 
depends  on  the  alkyl groups.  In  solution  some  are  much  more  readily re- 
versible  than  others.  In  tissues  the variations are  still  much greater.  Many 
phosphorylated enzymes considered for a long time to be stable on the basis of 
in vitro experiments, were recently found to be quite unstable in tissue. Our 
notions of the irreversible nature of the  enzyme inhibition have  been  dras- 
tically revised; so have been the notions of the readily reversible inhibition as, 
for  instance,  by  certain  carbamates.  It  is  evident that  under  such  circuin- 
stances with so many unknown variables it is frequently impossible to interpret 
the  biological  effects  in  a  precise  form;  many  more  investigations will  be 
required for finding satisfactory answers to the many phenomena observed. 
A large amount of information about organophosphates and their interaction 
with ACh-esterase may be found in the monograph of O'Brien (1960)  and  in 
the Handbook edited by Koelle (1963). The particular problems of the inter- 
dependence between ACh-esterase and  electrical  activity has  been  recently 
reevaluated elsewhere (Nachmansohn,  1969). 
For  the  topic  of this lecture  the  most important question  is  whether  the 
enzyme is essential for electrical activity. This has been convincingly demon- 
strated  by  the  observation  that  potent  inhibitors  of the  enzyme affect and 
eventually block electrical activity, an evidence obtained with several prepa- 
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relationship has been established, even in a few cases only, it must be assumed 
that it has general validity, even if some of the findings can at present not yet 
be fully explained in view of the complexities of cellular mechanisms and the 
still unexplored behavior of many of the compounds in tissue. The assumption 
that ACh-esterase,  present in high concentration in excitable membranes, is 
sometimes associated with electrical activity and sometimes not, appears less 
acceptable. Once the role of ATP in the sliding mechanism of actin and my- 
osin filaments has been demonstrated in the rabbit muscle, it would be difficult 
to question this role of ATP on the basis of some unexplained observations 
with some other muscle perhaps less suitable for analysis. 
Molecular Properties 
The discovery of the high concentration of ACh-esterase in electric tissue, in 
1937,  suggested the use of this material for obtaining the enzyme in solution 
and  for its purification. The enzyme was first obtained in solution in  1938 
(Nachmansohn and Lederer,  1939). In the early 1940's a more than 400-fold 
purification was achieved  (Rothenberg and Nachmansohn,  1947).  Since the 
material was difficult to obtain, the amounts of protein were small. However, 
partially  purified  preparations  of high  specific  activities  were  suitable  for 
kinetic studies and for analyzing the mechanism of reaction of many com- 
pounds, inhibitors and substrates, with the enzyme. ACh-esterase was one of 
the first enzymes with which information about the molecular groups in the 
active site and about the mechanism of the hydrolytic process was obtained 
(Nachmansohn and Wilson,  1951). 
The rapid developments of protein chemistry during the last decade made it 
desirable  to obtain  large  amounts of homogeneous enzyme protein for the 
study of its molecular properties. A large scale purification was accomplished 
2 yr ago by Leuzinger and Baker (1967). From 10 kg of tissue 60-70 nag of a 
homogeneous material are obtained routinely. This preparation has a specific 
activity of about  700  mmoles of ACh  split per rng protein per hour.  It  is 
formed by a single component according to several sensitive tests. This prepa- 
ration  led  to  the  crystallization  of  ACh-esterase  (Leuzinger,  Baker,  and 
Cauvin,  1968).  The crystals have the form of hexagonal prisms. The largest 
crystals grown so far had a length of 200 # and a width of 160 #. The molecular 
weight of the enzyme determined according to the methods of Yphantis (1964) 
and  van  Holde and  Baldwin  (1958)  is  260,000  (Leuzinger,  Goldberg,  and 
Cauvin,  1969). The protein has 4  subunits of about equal molecular weight. 
It has two different polypeptide chains on the basis of the determination of 
C-terminal groups with two different methods. There are only two active sites 
established by several methods. Thus, the active form of the enzyme molecule 
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Essential Role of the ACh-Receptor Protein in Excitable Membranes 
The ACh-receptor protein has not been isolated as yet. However, a  turning 
point in the studies of this protein was the development of the monocellular 
electroplax  preparation  by  Sehoffeniels  (Schoffeniels  and  Nachmansohn, 
1957; Schoffeniels, 1957,  1959). The two most important characteristics of this 
preparation, which make it such a uniquely favorable material for the studies 
of the receptor protein, are: (a) it is formed by a single cell, therefore the many 
obstacles encountered in the interpretation of reactions between ligands and 
proteins in multicellular preparations,  are greatly reduced; and  (b)  the cell 
is so highly specialized in its specific function, i.e. bioelectrogenesis, that the 
excitable membrane is the dominating feature, while other cell functions ap- 
pear to be poorly developed, as indicated by the low protein and high water 
content and the slow rates of metabolic reactions which are not directly related 
to the activity of the membrane. Among other remarkable and useful charac- 
teristics may be mentioned (a)  the large size of the cell, 6-10 mm long,  1-2 
mm high,  and 0.2  mm thick;  (b)  the rectangular shape of the innervated, 
excitable, face of the cell; and (c) the presence of both synaptic and conducting 
parts of the membrane which can be readily distinguished by means of elec- 
trical  parameters.  The  cell  has  thousands  of synaptic junctions,  but  their 
surface amounts to only 5-10 % of the total surface of the excitable face. 
During the last decade several refinements of techniques, introduced mainly 
by Higman, Bartels, and Podleski, have greatly increased the usefulness and 
sensitiveness of the preparation for studying the reactions between the receptor 
protein and specific ligands (Higman and Barrels, 1961,  1962; Higman et al., 
1963,  1964). The use of electrical parameters in analyzing the reactions of the 
protein is comparable with the precision of other methods applied in protein 
studies (for recent summaries see Nachmansohn,  1966 c,  1969). 
The recent advances of our knowledge of the ACh-receptor protein will be 
presented in the subsequent lectures. Only two aspects may be briefly men- 
tioned since they will not be discussed in the other papers.  ACh-esterase is 
present in high concentrations in the membranes of the innervated face of the 
electroplax.  Analysis by  electron microscopy combined with various  histo- 
chemical staining techniques has shown that the enzyme is evenly distributed 
in the membrane surrounding the nerve terminals, the postsynaptic and the 
conducting membrane of the electroplax (Bloom and Barrnett,  1966).  This is 
in agreement with the findings obtained with other preparations; some of them 
were mentioned before. 
Before discussing the presence of the ACh-receptor protein in the electroplax 
membrane, a clarification of some notions may be appropriate. According to 
theory, the primary molecular event initiating the permeability changes dur- 
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conformational change. ACh and several related compounds, affecting elec- 
trical activity and depolarizing the membrane in a  similar way, are referred 
to  as  receptor  activators.  Other  compounds closely related  in  structure  to 
ACh act as "antimetabolites" : they prevent the specific signal from acting on 
the receptor protein and from starting the sequence of reactions leading to 
increased permeability and  to depolarization.  These compounds react with 
the active site, but are apparently unable to induce the conformational change 
and are referred to as receptor inhibitors. Receptor activators have one struc- 
tural aspect in common: the methylated quaternary ammonium group. Their 
tertiary  analogs  are  either  very  poor  activators,  or--more  frequently--re- 
ceptor inhibitors. Since certain quaternary ammonium ions are poorly lipid 
soluble, they usually act on the synaptic junctions only. They are unable to 
penetrate the structural barriers surrounding the conducting membranes, as 
will  be more fully discussed in  section III.  In contrast,  many receptor  in- 
hibitors are more readily lipid soluble. They penetrate the structural barriers 
and act on the junction as well as on the conducting membrane. 
The presence of the ACh-receptor protein in  the conducting membrane, 
i.e. outside the synaptic junctions, its function, and its essential role in elec- 
trical activity have been demonstrated in experiments with a variety of specific 
receptor inhibitors, such as physostigmine, tetracaine,  and others; they were 
shown  to  block  reversibly  the  direct  response,  i.e.  that  of the  conducting 
membrane, independent of the events of the synaptic junction (Higman and 
Bartels,  1961; Bartels,  1968).  The recent observations of Eva Bartels,  men- 
tioned before, in which the competition between ACh and several organophos- 
phates  for  the  receptor  protein was  demonstrated,  indicate  also  the  basic 
similarity of the  action of these compounds on  the  conducting electroplax 
membrane as well as at junctions. 
One group of compounds closely related in structure to ACh has long been 
known as "local anesthetics," such as tetracaine, procaine, and many others. 
They differ from ACh in two respects: they are receptor inhibitors and they 
react  with  the receptor not only in  the junctional membranes but  also  in 
conducting membranes. The electroplax offers the possibility of evaluating 
quantitatively which substitutions transform the molecular properties of ACh 
from a  molecule that  is  a  potent receptor  activator  and  acts  on  synaptic 
junctions only,  into  one  that  is  a  receptor  inhibitor  and  acts  equally  on 
synaptic  and  conducting membranes.  The  preparation,  in  addition  to  its 
high degree of precision, is particularly suitable for such a  study in view of 
the presence of the two types of excitable membranes. 
A  systematic analysis by Bartels,  using a  great number of compounds in 
which either the quaternary ammonium or the acyl group of ACh have been 
substituted, has provided information about the molecular features responsible 210  S  EXQITABLE  MEMBRANES 
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Fzoupa~ 6.  Substitutions  of ACh transforming the molecule from a receptor activator, 
acting on the synaptic junctions only, into a receptor inhibitor acting both on junctions 
and on  the conducting membrane (so-called "local anesthetic"). Benzoylcholine is a 
transitory form both in structure and in biological activity. For details see text. 
for the transformation of one type of compound into the other type  (Bartels, 
1965;  Bartels  and  Nachmansohn,  1965).  Fig.  6  illustrates  some  of the most 
essential features of the transformation of the biological action in relation to 
chemical  structure.  When,  for instance,  the  methyl  group  on  the  carbonyl 
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as an activator is decreased about 200-fold compared with that of ACh. But it 
is still an activator and acts at the synaptic junctions only; i.e., the compound 
is unable to reach the receptor in the conducting membrane even if applied in 
high concentrations. However, the same compound with the small modifica- 
tion that an unsaturated ring is substituted for a  saturated one, i.e. benzoyl- 
choline, may be already partly activator, partly inhibitor according to experi- 
mental conditions. When applied, for instance, to the electroplax together with 
carbamylcholine, the effect of hexahydrobenzoylcholine is  additive,  that of 
benzoylcholine, on the other hand, may be additive or antagonistic, according 
to the respective concentrations. Moreover, in relatively high concentrations, 
10  .3 M, benzoylcholine acts also on the conducting membrane. Thus, benzoyl- 
choline is a typical transitory form in chemical structure as well as in biological 
action between ACh and the local anesthetics. Addition of an NH2 group to 
the phenyl group in para position transforms the analog into a  receptor in- 
hibitor and increases the penetrating ability; thus, the molecule has acquired 
the two features characteristic of a  local anesthetic. Both inhibitory potency 
and ability of penetration are greatly increased when the three methyl groups 
of the quaternary nitrogen are replaced by two ethyl groups  (procaine),  as 
would be expected from this change of structure. A still greater enhancement 
of both properties is achieved by substituting one proton of the NH~ group 
by a  butyl group (tetracaine). 
Since  it  is  well  known  that  local  anesthetics  block  electrical  activity  in 
various types of excitable membranes, in junctions as well as in axons,  the 
evidence offered that  they are  typical  "antimetabolites"  of ACh,  acting as 
receptor inhibitors, shows that the receptor is essential for electrical activity of 
excitable membranes, thus supplementing the evidence for the essential role 
of ACh-esterase in the same process. 
III.DIFFERENCES  BETWEEN  AXONAL  CONDUCTION 
AND  SYNAPTIC  TRANSMISSION 
In view of the progress achieved in the understanding of chemical reactions in 
membranes in general and those in excitable membranes in particular, a short 
reevaluation of the theory of neurohumoral transmission appears appropriate. 
One of the criteria for the strength of a  new concept, suggested to replace a 
preceding one, is its ability to provide alternative, experimentally better sup- 
ported, and more satisfactory explanations for the observations on which the 
original interpretation had been based.  According to the new concept ACh 
is  the  signal  released  in  excitable  membranes of axons  and junctions  and 
triggering off,  by its action on the receptor within  the membranes,  the se- 
quence of reactions that amplify the signal and result in increased ion perme- 
ability;  the function of ACh is  basically  similar  in  axonal  conduction and 
synaptic transmission.  In contrast,  the original  theory assumes that ACh is 212  S  EXCITABLE  MEMBRANES 
released from the nerve terminal, crosses the nonconducting gap and acts as a 
neurohumoral transmitter on a second cell, nerve or muscle, while conduction 
along the axon is a  purely physical process. A  third alternative, occasionally 
suggested, is the  idea that ACh may act in the  axonal membranes, as sug- 
gested, but at junctions it may still act as a  transmitter in the sense originally 
proposed; i.e. crossing the gap between two cells. 
All  these  alternatives  center  around  the  question  of the  soundness  and 
solidity of the assumption that ACh is actually released from the nerve ter- 
minal  and  acts  as  a  transmitter  between  two  cells.  Two  facts  have  been 
particularly emphasized in support of the assumption that the mechanism of 
synaptic transmission differs fundamentally from that of conduction and that 
the role of ACh is limited to the junction. The first one is the powerful phar- 
macological action of ACh on junctions in contrast to its complete failure to 
affect axonal conduction. Similarly, more than a century ago, Claude Bernard 
observed that the activity of curare blocks only the transmission of the impulse 
from nerve to  muscle,  but  does not  affect conduction of nerve and  muscle 
fibers.  Curare is a  receptor inhibitor with an affinity to the protein which is 
greater than that of ACh and,  therefore, prevents the depolarizing action of 
ACh. 
The excitable membranes of axons are surrounded by Schwann cells. Ap- 
parently they form structural barriers which are usually impervious to ACh, 
curare, and related compounds that are quaternary nitrogen derivatives and 
poorly soluble  in  lipids.  Over  the last  20  yr,  the presence of such barriers, 
preventing ACh and curare to enter the axon and to react with the receptor, 
has been unequivocally demonstrated in many ways. The barriers are usually 
less effective or absent at the synaptic junctions. The conducting membrane of 
the  muscle  fiber  is  also  surrounded  by  structural  barriers,  although  no 
Schwann cell is present. The barriers explain the limitation of the pharmaco- 
logical  action  of ACh  and  related  compounds  to  the  membranes  of  the 
junction. 
Curare has been applied by Claude Bernard to the whole frog sciatic nerve. 
As  mentioned before,  this  nerve is  formed by several thousand  axons.  The 
plasma membrane of myelinated fibers is surrounded by a heavy myelin sheath 
which may be several micra thick except at the nodes of Ranvier (see Figs. 2 
and  5).  The  whole bundle  is  surrounded  by  a  sheath  of connective tissue 
impervious to many chemical compounds. As mentioned before, the effect of 
physostigmine on the electrical activity of an isolated single fiber is 4--5 orders 
of magnitude stronger than on the whole nerve. The effective concentrations 
are similar to those acting on the neuromuscular junction (Dettbarn,  1960 a). 
When curare (d-tubocurarine) is applied to single fibers, the electrical activity, 
recorded at the nodes of Ranvier, is rapidly and reversibly blocked (Dettbarn, DAVID NACI-IMANSOIIN  Proteins  of Exdtable Membranes  213  s 
1960  b).  There  is  still  a  layer of Schwann cells  at  the nodes,  although no 
myelin is present. This layer is still less pervious to quaternary than to tertiary 
nitrogen derivatives: neostigmine, a  quaternary  nitrogen derivative,  affects 
electrical  activity only  in  10  times higher  concentration  than  the  tertiary 
physostigmine, although both compounds are nearly equally strong inhibitors 
in solution (Augustinsson and Nachmansohn, 1949). However, even the whole 
bundle becomes sensitive to ACh,  curare,  and neostigmine after it has been 
desheathed and  exposed  to  the detergent cetyltrimethylammonium (Walsh 
and Deal,  1959). 
In unmyelinated axons the excitable membranes are usually also well pro- 
tected against quaternary ammonium ions. The Schwann cell surrounding the 
squid giant axon is about 4000 A  thick and contains lipid. When these axons 
are  exposed to ACh,  curare,  and  neostigmine in very high concentrations, 
no  effects on  electrical  activity  are  observed  (Bullock,  Nachmansohn,  and 
Rothenberg,  1946).  In contrast,  the tertiary physostigmine and the tertiary 
analog of neostigmine block electrical activity reversibly, although the latter 
is a  poorer enzyme inhibitor in solution than either the quaternary analog or 
physostigmine.  When  the  axoplasm  of  the  exposed  axons  was  extruded, 
physostigmine was  found  to  have  penetrated,  while  neostigmine had  not 
entered  the  interior.  The  presence  of the  barrier  was  also  confirmed with 
15N-labeled ACh  (Rothenberg, Sprinson, and Nachmansohn,  1948).  In con- 
trast,  16N-labeled  trimethylamine readily  penetrated  into  the  inside.  More 
recently, Hoskin and Rosenberg (1964) confirmed these findings with radio- 
actively labeled ACh, curare, and trimethylamine. 
In addition to the experiments already mentioned, direct actions of ACh 
and curare on the excitable membranes of axons have been demonstrated on 
several other preparations where the structural barriers are either inadequate 
to  prevent  the  compounds to  penetrate  to  the  receptor  and  to  affect  the 
electrical  parameters  in  the  way  predicted  by  theory,  or  where  chemical 
treatment has reduced these barriers to a degree that the compounds are able 
to penetrate and become active. Rosenberg and his associates have shown that 
the electrical activity of squid giant axons is reversibly blocked by exposure to 
ACh  and  curare when preceded by  treatment with cottonmouth moccasin 
venom for a brief period, 20-30 min, in low concentrations, 20-30 #g/ml. The 
treatment itself had no effect on electrical activity  (for summary see Rosen- 
berg,  1965,  1966).  Examination with electron microscopy revealed marked 
structural alterations of the Schwann cell, but none of the plasma membrane 
(Martin and Rosenberg,  1968).  Subsequent to the venom treatment, radio- 
actively labeled  ACh  and  curare,  absent  in  controls,  were  found  to  have 
penetrated  into  the  axoplasm  (Hoskin  and  Rosenberg,  1964).  The  active 
component in the snake venom was shown to be phospholipase A; its effect 2I 4  s  EXCITABLE  MEMBRANES 
is fully accounted for by the formation of lysolecithin which by itself produces 
the same result as  the  treatment by  the venom  (Condrea and  Rosenberg, 
1968; Rosenberg and Condrea,  1968). 
A  direct action of ACh,  without any treatment, has  been found on  the 
axons of the walking leg of lobster (Dettbarn and Davis, 1963). The compound 
first prolongs markedly the descending phase and then blocks electrical ac- 
tivity and depolarizes the membrane. Under proper conditions this effect is 
antagonized  by  atropine.  Dettbarn  (1963)  demonstrated also  an  effect of 
curare on these axons. This preparation is tested in sea water which has a high 
concentration of Ca  ++ and Mg  ++ ions.  Since these ions are known to antago- 
nize the action of curare, Dettbarn reduced the concentration of Ca  ++ and 
omitted Mg  ++ ions in the sea water, which contains high concentrations of 
these ions. Under these conditions he obtained rapid and reversible block with 
curare. Apparently the Schwann cell in these axons does not offer the complete 
protection as  that in other preparations.  This  is  supported  by the findings 
with electron microscopy (De Lorenzo, Dettbarn and Brzin,  1969). When the 
axons are exposed to cottonmouth moccasin venom, prior to the application 
of ACh and its congeners, the potency of the compound increases 20-50 times, 
indicating a still further reduction of the barriers. It is interesting, in respect 
to  the effects of organophosphates on  electrical activity of axons discussed 
above, and the long exposure time usually required, that in these axons with 
less efficient barriers electrical activity is irreversibly blocked by paraoxon in 
5  X  10  -3 M within 2 rain (Dettbarn and Davis,  1963; Dettbarn,  1967). 
Another preparation which reacts to ACh after the removal of the sheath is 
the vagus nerve of rabbit (Armett and Ritchie, 1960), although the effect was 
considered to be a pharmacological curiosity (Ritchie,  1963). 
On the other hand, even synaptic junctions frequently do not react to ACh 
or curare, such as,  for instance, the neuromuscular junction of lobsters,  al- 
though the concentrations of ACh-esterase in these junctions are extremely 
high. They do react, however, to lipid-soluble compounds such as physostig- 
mine  and  DFP.  Thus,  the  proteins  there are  present  and  functional,  but 
apparently protected,  as  in  axons,  by barriers against quaternary nitrogen 
derivatives. Similar barriers were discovered in the nervous system of insects. 
The total  absence of the  action of ACh on  the insect nervous system was 
considered  as  evidence that  it  is  not  cholinergic. Therefore,  the  effect of 
organophosphate insecticides was  attributed  to  a  different factor than  the 
inhibition of ACh-esterase. It took more than a decade of intensive investiga- 
tions until this situation was clarified. The effect of ACh was demonstrated 
after mechanical removal of the barriers and the close relationship between 
the toxic action of organophosphates and enzyme inhibition was established 
(for a summary see O'Brien,  1960). 
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of ACh released and the concentrations which have to be applied externally 
in order to be effective, raises difficult problems. In the squid giant axon the 
order of magnitude of ACh released is of the order of 10 -16 mole/cm~/impulse. 
The amounts of ACh released per unit surface of excitable membrane may 
vary in different types of axons and species.  On the basis of the variations of 
ACh-esterase activity, such differences may vary by a factor of 1-2 orders of 
magnitude.  But  the  amounts would  be  still  very far  from the  pharmaco- 
logically active concentrations at junctions.  Applications by electrophoresis 
may increase the potency by up to 2-3 orders of magnitude, but there still 
would remain the discrepancy of at least 6-8 orders of magnitude between 
the amounts released and those pharmacologically active. A relatively sensi- 
tive preparation such as the single electroplax, for instance, fails  to react to 
10  -~ M ACh unless physostigmine is added. 
This huge discrepancy between the amounts of ACh released and  those 
effective raises the question as to the meaning of the amounts of ACh found 
in  the  extracellular perfusion  fluid  of junctions  following stimulation,  the 
second basis of the neurohumoral transmitter theory. No trace of ACh appears 
in the absence of physostigmine, even after prolonged stimulation by many 
thousands of impulses,  as was emphasized time and again by Dale and his 
associates. Since physostigmine blocks the rapid physiological inactivation, the 
escape of traces of ACh to the outside may be an artifact. ACh appears also 
in the outside fluid of axons when they are kept in physostigmine, when the 
surrounding barriers are not entirely impervious to ACh, as is the case of the 
axons of the walking leg of lobster (Dettbarn and Rosenberg, 1966). Na  +, K+, 
Ca  ++, and Mg++ ions have the same effects on the efflux of ACh, increasing or 
decreasing it, in this preparation, as previously described for junctions. 
An alternative explanation for the role of ACh at the junction must then be 
considered. It is now well established that ACh-receptor and ACh-esterase are 
localized in the excitable membranes of the nerve terminal and of the post- 
synaptic membrane. ACh, curare, neostigmine, and related compounds act on 
the membranes of the two sides of the junction; the nerve terminal seems even 
to be more sensitive than the postsynaptic membrane (Masland and Wigton, 
1940; Riker et al.,  1959; for a review see Werner and Kuperman, 1963). Since 
both proteins are present and functional in both membranes of the junction, 
it is reasonable to assume that the amplifier process takes place in the mem- 
branes of the junctions in the same way as in those of the axon : ACh, released 
in the membrane of the nerve terminal, acts on the receptors there and triggers 
off the sequence of reactions resulting in the influx of Na+ and the effiux of K+ 
ions.  It is known that K+ ions release ACh from its storage form. Thus, when 
the K+ ions, released from the terminal, reach the postsynaptic membrane, 
they will release ACh there and  thereby trigger off the same amplification 
process. By this amplification the signal will be much  more efficient than it ~6  s  EXCITABLE  MEMBRANES 
would be if it were directly released and would have to find the specific protein 
and  act  on  it  in  a  second  cell.  For  each  molecule  of ACh  released  in  the 
membrane  of the nerve terminal,  20,000-40,000  K+ ions would move across 
the gap.  If even a  fraction only would reach the postsynaptic membrane and 
release there ACh from its storage form,  the process would be very efficient. 
This  alternative  assumption  proposed seems all the more reasonable in view 
of the discrepancy  of the order of 108-108 between the amounts  of ACh re- 
leased and those which are pharmacologically effective even in the presence of 
physostigmine.  Chemical reactions in living cells are chemically and  thermo- 
dynamically coupled; most of them are structurally organized.  It seems more 
plausible  that  the  specific  signal  is  one  of the  fastest  cellular  mechanisms 
known,  i.e.  nerve impulse propagation,  is recognized  by a  specific protein  in 
the membrane where it is released and acts as a trigger of an amplifier system 
there  in  a  structurally  organized  way than  to visualize a  random  process in 
which  a  chemical  compound  released  in  one  cell  must  cross  into  another 
cell and must there find the target protein. 
In this context a  few comments may be desirable on another  more recent 
development. In the original theory of neurohumoral  transmission  no sugges- 
tion was made as to the mechanism of the release of ACh from nerve terminals. 
When,  however,  it  was  discovered  by  electron  microscopy  that  there  are 
vesicles near the terminals  (De Robertis and Bennett,  1955), it was suggested 
that these vesicles are a  kind of little glands containing  ACh and releasing it 
during activity. In essence, the following mechanism was proposed: there are 
doors  in  the  membranes  of the  nerve  terminals  and  in  the vesicles; during 
activity the vesicle moves to the nerve terminals  in a  way that the two doors 
are in juxtaposition and open simultaneously,  each vesicle releasing packages 
or quanta of ACh. The rapid advances of electron microscopy have frequently 
provided extraordinary  insight into  the structural  organization  of the cell in 
relation  to cellular  mechanisms.  However, it is not  easy to relate  structural 
components of a  cell with  their  biological  function.  This difficulty has  been 
well formulated by Sjoestrand  (1962), one of the pioneers in electron micros- 
copy: "The electron microscopist differs from most other research workers in 
one  obvious respect.  When  looking  at  his  pictures  he  becomes  inspired  to 
interpret  the structural  patterns in terms of function and  interrelationship  of 
different  structural  components.  His  imagination,  stimulated  by these  pat- 
terns,  leads  him  to  describe rather  nice  stories  of functional  sequences  and 
events. In most other sciences, perhaps with the exception of certain branches 
of  psychology,  the  idea  resulting  from  this  imaginary  effort  becomes  the 
starting  point  of a  series  of experiments  to  prove  or  disprove  it.  Not  so  in 
electron microscopy. The  attention  such ideas have attracted  seems to show 
that the mere fact that a  picture can initiate an idea is considered proof that 
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sequence is that different people have different ideas, and those who can put 
most  artistic  speculation and  imagination into  their interpretations,  will  at- 
tract most attention." 
While it seems obvious that the vesicles, like any other structure, must have 
a  functional significance, its role in synaptic transmission was first based ex- 
clusively on their presence; i.e., on the interpretation of a picture without any 
evidence of biochemical or  biophysical  data  in  support  of this  hypothesis. 
Vesicles have been found in other parts of the neuron; sometimes they are 
present in greater numbers on the postsynaptic  site  (Edwards et al.,  1958). 
These facts raise questions as to  their proposed  role in  the release of trans- 
mitters.  Only in  the last  few years,  efforts have  been made to  identify the 
chemical content of the vesicles. However, the results, far from clarifying the 
situation,  have  multiplied  the  difficulties to  link  the  vesicles with  synaptic 
transmission.  As  outlined  in  a  recent summary by Whittaker  (1968),  it  is 
possible to isolate presynaptic nerve terminals and their component organelles 
with  the  use  of certain  mild  procedures of homogenization  and  to  obtain 
particles, referred to as synaptosomes, which are rich in nerve terminals and 
synaptic vesicles, and which have survived the general cellular disruption that 
accompanies homogenization. Apparently they form sealed structures.  ACh 
exists in these synaptosomes in two fractions,  a  cytoplasmic and  a  vesicular 
one. In the vesicular fraction the amount of ACh present has been estimated 
to be 2000 molecules per vesicle. Labeling experiments (Marchbanks,  1968) 
have  shown  that  the two  fractions are quite  distinct,  the vesicular fraction 
being  negligibly labeled  under conditions  that  result  in  considerable  cyto- 
plasmic labeling.  Even in whole brain  the vesicular fraction  is  more slowly 
labeled  than  the cytoplasmic fraction when tritiated  choline is  a  precursor. 
Moreover, choline O-acetyltransferase (choline acetylase) is all located in the 
cytoplasmic compartment of the synaptosomes. 
These results offer serious difficulties to correlate the vesicles with the func- 
tion of ACh as synaptic transmitter. One serious problem, raised by Whittaker 
himself, is that of the mechanism by which ACh gets into the vesicles. As he 
admits, this mechanism is quite obscure, since there is no choline acetyltrans- 
ferase in the vesicles and since the labeling experiments indicate the difficulty 
for ACh to get into the vesicles. Therefore it is hard to envisage that adequate 
amounts of ACh enter with the necessary speed after the vesicles have dis- 
charged the packages of ACh. Since 10 ~ or more impulses may pass per hour, 
this requirement forms a  considerable obstacle to the postulated role of the 
vesicles. 
Another difficult problem is the question of how the ACh released from the 
vesicles would be able to reach the outside,  i.e.  the synaptic gap,  where it is 
supposed to act as the transmitter to the second cell. The ester released from 
the vesicles should pass within microseconds through the cytoplasm and pene- 218  S  EXCITABLE  MEMBRANES 
trate through a membrane rich in ACh-esterase. Whittaker makes the ad hoc 
assumption that there are intercommunicating tubules, but that they cannot 
be seen by microscopic methods. They are proposed to be composed of protein 
or another macromolecule that could open or close the tubules due to ionic 
changes induced by action potentials.  In view of the considerable distance 
between the vesicles  and the synaptic gap,  the tubules must be quite long. 
This would add the additional problem as to how 2000 molecules could move 
with the necessary speed over such distances in tubules which are presumably 
quite narrow since they are invisible. One could add additional speculations 
to get around the difficulties, but they seem to the writer less satisfactory than 
the assumption that ACh is released within the membrane from a  storage 
form, located there, and acts on the ACh-receptor protein known to be in the 
excitable membranes of axons and nerve terminals. Such a view seems more 
in line with the increasing evidence that membranes are formed by protein 
assemblies structurally well organized, such as for instance the electron transfer 
system in mitochondrial membranes. The idea of a  structural organization 
within the membrane seems all the more reasonable for processes associated 
with one of the fastest, efficient and precise functions of living cells,  such as 
the permeability changes during electrical activity. 
The  objections  to  the  assumption  of chemical reactions  controlling  the 
permeability changes of excitable membranes of axons during electrical ac- 
tivity have been previously discussed  (Nachmansohn,  1959, 1964, 1966 b). 
However, since at this Symposium on Membrane Proteins many participants 
may be unfamiliar with the basic differences of view, it may be appropriate to 
mention some of the objections as an illustration. Hodgkin and his associates 
(Baker et al.,  1962) see a difficulty for the chemical theory in the observation 
that 105 impulses per hour may still pass in the perfused giant axon of squid; 
i.e.,  after a  large fraction of the axoplasm has been removed. Keynes and 
Auber (1964)  consider this observation as being in contradiction to the chem- 
ical theory, since all reactants should have been removed by the perfusion 
fluid.  This  objection is  untenable on the basis  of many experimental data 
previously  discussed;  two  of them  may  be  mentioned.  (a)  The  excitable 
membrane of a perfused axon is still  surrounded on the outside by a 4000 A 
thick Schwann cell, on the inside by a  several micra thick structure  (these 
axons have usually a diameter of 300-500 #). Thus, the 100 A thick excitable 
membrane forms an insignificant part of the perfused structure, less than 1%. 
Mitochondria remain attached to the envelope and oxidation is still  present 
in the envelope after removal of the axoplasm. The latter has no measurable 
oxidative activity (Hoskin and Rosenberg,  1965).  Less than 1% of the meas- 
ured oxidation, after removal of the axoplasm, would provide adequate energy 
for synthesizing all  of the ACh required for  105  impulses per hour,  which 
amounts to less than  10 -~° mole of ACh per hour/cm  ~ surface.  (b) As men- DAVID  NACI-IM.~SOI-m  Proteins of Excitable  Membranes  2i  9 s 
tioned previously, ACh applied from the outside, even in high concentrations, 
10  -~ M, does not act on the squid giant axon unless it was exposed to the action 
of phospholipase  A.  Tasaki  et  al.  (1965)  found  that  electrical  activity is 
rapidly and reversibly blocked on the addition of physostigmine, tetracaine, or 
curare to the perfusion fluid; i.e., from the outside. ACh, even in  10  -2 M had 
no effect. If ACh is unable to reach the membrane from either side, it will be 
unable to leak out. The difficulties to remove chemical compounds from cell 
structures, unless drastic methods are used, is well known and does not require 
additional comments. 
Hodgkin (1964)  endorses the idea of the action of ACh as a neurohumoral 
transmitter across junctions, quoting publications discussed in previous papers. 
However, he adds one example as  a  new argument: "The straightforward 
prediction from Nachmansohn's theory is that anticholinesterases should af- 
fect nerves in the same kind of way that they affect end plates." This statement 
would have been unacceptable 20 yr ago; in view of the information accumu- 
lated in the last 20 yr about the barriers protecting axonal, but not synaptic 
membranes, this argument requires hardly any additional comments. It ap- 
pears,  however, worth mentioning because it  illuminates the difficulties of 
analyzing cellular mechanisms on the basis of drug effects. 
The specific chemical forces underlying cellular mechanisms, such as mo- 
tility,  vision,  energy supply,  etc.,  are  remarkably similar  throughout  the 
animal kingdom. It has become apparent that this also applies to the specific 
chemical forces underlying bioelectricity; i.e., the specific proteins controlling 
the changes of ion permeability in excitable membranes. The great diversity 
of bioelectrical phenomena and  the striking differences of pharmacological 
effects may be explained by the nearly infinite variations of cellular structure 
and organization. The multiformity of shape, structure, and environment of 
synaptic junctions is bound to modify the effects of chemical reactions in the 
membranes or the action of compounds applied externally, as illustrated by 
several of the observations discussed.  Structural differences affect markedly 
electrical  and  other  physical  parameters  even  in  axons,  in  spite  of their 
uniform and  relatively simple  cylindrical shape.  For  instance,  conduction 
velocity, in different types of axons, varies from 0.1  to 100 m/sec. 
A general principle of scientific thinking is not to assume without necessity 
two different basic mechanisms, even ff it is difficult to explain certain varia- 
tions. As was pointed out by David Hume in his "Treatise on Human Nature," 
the proposal of two basically different mechanisms frequently serves to cover 
our ignorance of the truth. In spite of the many variations of pharmacological 
actions and electrical parameters, there is no necessity, in the writer's view, 
to assume a basic difference of the trigger function of ACh in the membranes 
of axons,  nerve terminals, postsynaptic membranes, and  the membranes of 
muscle fibers. 2o0  S  EXGITABLE  MEMBRANES 
Knowledge  of chemical  composition  and  molecular  organization  of excit- 
able  membranes  is  extremely  limited.  The  question  whether  there  are varia- 
tions in this respect between different types of excitable membranes  cannot be 
answered  at present.  But an elucidation  of these questions cannot  be obtained 
on  the  basis  of electrical  phenomena  or  pharmacological  effects  only;  it  re- 
quires analyses on a  molecular level,  using possibly still more refined methods 
and  techniques  than  are now  available. 
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